The electromagnetic power that arrives from the Sun in the C-band has been used to check the quality of the polarimetric, Doppler weather radar network that has recently been installed in Switzerland. The operational monitoring of this network is based on the analysis of Sun signals in the polar volume data produced during the MeteoSwiss scan program. It relies on a method that has been developed to: (1) determine electromagnetic antenna pointing; (2) monitor receiver stability; and (3) assess the differential reflectivity offset. Most of the results from such a method had been derived using data acquired in 2008, which was a period of quiet solar flux activity. Here, it has been applied, in simplified form, to the currently active Sun period. This note describes the results that have been obtained recently thanks to an inter-comparison of three polarimetric operational radars and the Sun's reference signal observed in Canada in the S-band by the Dominion Radio Astrophysical Observatory (DRAO). The focus is on relative calibration: horizontal and vertical polarization are evaluated versus the DRAO reference and mutually compared. All six radar receivers (three systems, two polarizations) are able to capture and describe the monthly variability of the microwave signal emitted by the Sun. It can be concluded that even this simplified form of the method has the potential to routinely monitor dual-polarization weather radar networks during periods of intense Sun activity.
Introduction
The idea of using the solar signal detected by ground-based radars during the operational weather scan program has been presented in a series of papers: Huuskonen and Holleman [1] presented the use of Sun signals to determine antenna pointing, which is the residual offset in the angle of elevation and azimuth. Holleman et al. [2] extended the method towards quantitative electromagnetic power measurements, in order to monitor radar receiving chain stability. In the case of dual-polarization radars, which are able to measure both horizontal (H) and vertical (V) polarization, the same technique can be used to monitor the presence (and stability) of a residual differential reflectivity offset, as shown, for instance, by Holleman et al. [3] , who investigated the stability of differential radar reflectivity over three months during periods of quiet Sun emissions. Here, we show recently acquired results from three operational weather radars in Switzerland taken during intense solar activity in the first seven months of 2014. Section 2 presents the operational Swiss approach and a simplification of the Holleman et al. [2, 3] method. The available data, as well as the main radar features, are described in Section 3. The results are given in Section 4, together with a possible interpretation of the main features observed.
Operational Observations of Solar Spectral Power at the Antenna Feed
A complete description of the automated detection of Sun signatures in polar volume data of weather radar can be found in [1] . A similar approach is currently used at MeteoSwiss: a continuous, non-coherent, noise-like power signal from a non-polarized radio-frequency source is sought at long ranges in consecutive radar bins (75 m long and 1° wide); such a signal is expected to be between 5 and 12 dB stronger than the background noise. Eight-bit, "uncorrected" reflectivity data are used in this study. The pulse repetition frequency and rotation speed are optimized in the operational MeteoSwiss radar scan program as a function of the angle of elevation. Therefore, the number of pulses involved in each 1° half power beam width (HPBW) bin ranges from 28 to 42. In the MeteoSwiss approach, only the last 5 km (60 gates) of each radar bin are averaged for Sun power retrieval. Hence, each reflectivity value corresponding to a Sun hit is the linear average of a few thousand samples. Several tens of hits are found per day, depending on the scan program, latitude and season.
In order to retrieve the solar spectral power, daily radar reflectivity values were analyzed by Holleman et al., in single [2] and dual-polarization [3] receiving chains using the five-parameter linear model fitting procedure described in detail in [1, 4] . It is worth noting that a correction factor has been introduced in the recent paper by Huuskonen et al. [4] (Equation (3), page 1705) to characterize the residual bias between the true Sun azimuth from ephemeris and the value "read" using the antenna encoder: such a term, which is basically the sine of the Sun zenith angle, is more important in mid-latitude and equatorial regions, where the Sun reaches lower zenith angles. Once the five parameters are derived, for instance by means of the least squares method, the peak solar power that the radar would have received if the beam had hit the Sun's center can be estimated. At MeteoSwiss, the focus of the operational Sun check method is on a relative calibration between horizontal and vertical channels, as well as on an inter-comparison of different radars. Since the focus is not on absolute calibration, the median of the strongest 21 hits in a given day is taken in order to obtain a robust estimate of the Sun's apparent reflectivity. One important implication of this choice is that an accurate assessment of the absolute calibration of the receivers cannot be pursued: such a daily median value is of the order of 2 dB (or more) smaller than the true peak solar power value. However, the method allows an accurate monitoring to be made of the differential bias between the horizontal and vertical channels. Furthermore, assuming that the convolution between the antenna radiation pattern and the Sun's disk will on average lead to approximately the same amount of "underestimation", the stability of radar receiving chains can also be monitored. Section 4 will show that not only is this the case, but also that the monthly variability of the Sun's microwave signals is captured well by the Swiss radars.
Description of Acquired Data and Instruments
MeteoSwiss has recently renewed its weather radar network: antenna-mounted, fully-digital receivers have been introduced into the current network; each system is equipped with two orthogonal receiving channels, which are able to measure vertical and horizontal linear polarizations. Three radar systems have already passed the extensive acceptance tests (test readiness review, factory acceptance test, integration and site adaptation test, system equipment acceptance test; see, for instance, [5, 6] ) and have been operating for more than two years. These three radar sites are: Lema (162 m altitude, near Lugano; Lat 46.04°; Lon 8.83°), Albis (935 m, near Zurich; Lat 46.29°; Lon 8.51°) and Dole (1681 m, near Geneva; Lat 46.43°; Lon 6.10°). From an operational Sun check method viewpoint, probably one of the most relevant aspects to emerge from such acceptance tests was the necessity of a modification of the original calibration unit (CU); updated, new generation calibration units [7] were installed on both the Albis and Lema radars at the end of 2013. Hence, the data shown in this note (from the beginning of 2014 up to mid-August 2014) refer to the new concept CU in two out of three radars.
The solar flux at a 10.7-cm wavelength (S-band) is continuously monitored at the Dominion Radio Astrophysical Observatory (DRAO). This observatory is located near Penticton, British Columbia, Canada, and is characterized by low interference levels at the decimeter and centimeter wavelengths; the quality of the environment is maintained through strong local, provincial and federal protection [8] .
Observations of the daily solar flux were started in 1946 and have continued to the present day. The current solar flux at 10.7 cm, F10.7, can be obtained from the DRAO observatory website (ftp://ftp.geolab.nrcan.gc.ca/data/solar_flux/daily_flux_values/fluxtable.txt). Such values are corrected for atmospheric attenuation. In particular, they refer to precise measurements acquired three times a day. In summer, this takes place at 17, 20 (local noon) and 23 UTC. The hilly horizon and 50°N latitude cause the Sun to be too low for the first and last timings during the "winter season"; as a consequence, the flux determinations are made at 18, 20 and 22 UTC during "darker months".
The 10.7 cm solar flux measurements can be converted to other wavelengths with some uncertainty (approximately 1 dB according to [8] ). This is possible thanks to the remarkable stability of the blackbody spectrum of the slowly varying component of solar activity. However, it should be recalled that the spectral component can be distorted by superimposed contributions from flares, especially for "short" sampling periods, like radar "hits during operational weather radar scanning". In short, on the basis of Equation (13) 
If the receiver bandwidth (in Hz), the effective antenna area (in m 2 ) and the receiver and transmitter losses (dimensionless) are known, then the radar received power can be converted into sfu (see Section 2 in [2] for details); this is also the approach that has been followed in this paper (see the next section). Because of the multiplicative nature of the errors that affect radar measurements, radar-related results are often presented using decibels (dB). In the present case, s = 10 log(S/S0) is used, where S0 = 1 sfu = 10 −19 mW•m −2 •Hz −1 and [s] = dBsfu.
Results and Discussion

Choice of the Reference Solar Signal and Scores for the Assessment of the Agreement
As stated in the Introduction, the focus of the present analysis is on the relative agreement and not on the absolute calibration of each receiver. In other words, emphasis is on the variation of the error around the mean; it is not on the mean error itself. The error is defined in Sections 4.2 and 4.3 as the ratio between the value measured by the radar receiver and the reference (DRAO measurements); in Section 4.4, the error is the ratio between the horizontal and vertical polarization values. As a consequence, the selected scores emphasize the agreement between oscillations around the mean value. The first selected score is the explained variance, which is the square of the correlation coefficient (multiplied by a hundred). The second score is named "scatter" [9] and is measured in decibels (dB). It has the advantage of being conceived of to be robust, informative and independent of any multiplicative factor that could affect the measurements. The error distribution is expressed as the cumulative weighted contribution to the normalized total amount, which is the reference (y-axis) as a function of the log-transformed estimate/reference ratio (x-axis). Alternatively, it is possible to simply use the standard deviation of the log-transformed radar-to-DRAO solar flux value ratio, as shown, for instance, by Holleman et al. [2] . Figure 1 shows the daily variability of the three series of daily precise measurements acquired in 2014 by DRAO at 10.7 cm and extrapolated to the Swiss radar wavelength using Equation (1): the blue curve is for 20 UTC measured data; the green one is for the 18 (17) UTC data; while the red one is for the 22 (23) UTC data. Because of the Sun's rotation on its axis (variable, as a function of latitude), the number of active regions that enhances the radio emission with respect to the quiet (background) component, as seen from the Earth, varies. The result is an oscillation with an amplitude of approximately 1 dB and a period of ~27 days. In January, there were a few episodes when radiation was outshone; for instance, up to 26.9 dBsfu on 7 January between 17 and 18 UTC. Apart from these few days in January, the three curves are almost indistinguishable. It should be noted that the flux values were log-transformed before being displayed and are shown on the y-axis in dBsfu. Let us now evaluate the agreement between the three series using the above-presented scores: the blue vs. green explained variance is 87%; the blue vs. red one is 98%; and the red vs. green one is 82%. Because of the rapidly varying solar component that consists of bursts (second and minute duration) produced by flares and other transient activity, which caused two extreme variability cases on 4 and 7 January, the explained variance, based on linear values of solar fluxes, is significantly smaller: 66%, 97% and 58%, respectively. As far as the scatter is concerned, the results are listed in Table 1 (the reference measurement is shown along the columns). According to the scatter values, the dataset acquired at 20 UTC again shows better agreement than the other two sets. For this reason, the radar derived data in Section 4.2 will be evaluated against a reference using the 20 UTC dataset. Figure 2 shows the daily analysis of the Sun's signals detected during the operational scan program by the new generation MeteoSwiss meteorological radars operating at the C-band. As in Figure 1 , the results are shown from 1 January until 12 August 2014 (Julian Day 224); the retrieved solar flux values in sfu are also transformed to decibels. The solar "monthly" oscillation is clearly visible in all of the radar systems and shows good correlation (see the first line of Table 2 ) to the reference (DRAO at 20 UTC, as described in the previous section): the Albis radar shows the best agreement with the highest correlation and lowest scatter. A random component (daily fluctuations) seems to affect the radar estimates: a three-day median average (smoothing) is able to make the radar curves more similar to the reference and improve the correlation (see Section 4.3). The same agreement and similar scores are obtained when the 22 (23) and 18 (17) UTC time series are used: our interpretation is that the two selected scores are robust and can be used effectively for a quantitative evaluation of the radar versus reference (DRAO) agreement. When using the (less robust) standard deviation of the log-transformed ratios, the Albis radar again shows the best agreement (last line in Table 2 ). A possible explanation for the better results of the Albis radar could be the use of the stable, new generation calibration unit.
Results of the Daily Online Analysis (Horizontal Polarization)
Such values can be compared with those obtained for the Dutch De Bilt radar by Holleman et al. [2] in 2005 using DRAO 22 UTC as a reference: the standard deviation is 0.44 dB for the whole year (excluding three days with flares) and is 0.58 dB and 0.44 dB for the first nine months of the year, with (272 days) and without (269 days) the above-mentioned three flares, respectively. As expected, the scatter values are much less sensitive to the three flares: such values are 0.27 dB (272 days) and 0.26 dB (269 days), respectively. Another interesting benchmark is the value shown by Huuskonen et al. [4] for the Finnish Anjalankoski radar over a period of two months at the end of 2011: the standard deviation is as small as 0.24 dB.
Why is the amplitude of the oscillation of the DRAO reference signal smaller than those retrieved by radars? A possible explanation could be related to the transposition formula (Equation (1)) from the S-band to the C-band, which is less accurate when solar activity increases. For instance, applying a slope coefficient of 0.8 instead of 0.7155 in Equation (1) causes a reduction of both the scatter and standard deviation for all three Swiss radars.
Improvement Obtained When the Random Error Component That Affects Radar Estimates Is Smoothed
The presence of the random error component that affects radar estimates can be pointed out through a simple low-pass (smoothing) filtering. Even a ("short-window") three-day running median is able to significantly reduce daily radar fluctuations, and this results in an improvement in the explained variance and, most of all, in the scatter in dB (see Table 3 ). Table 3 . Agreement between the DRAO reference (20 UTC) and the Swiss radar horizontal channel after having applied a three-day running median filter.
Albis Radar
Lema Radar Dole Radar Explained variance in % 88% 80% 66% Scatter in dB 0.05 dB 0.07 dB 0.07 dB Standard deviation in dB 0.29 dB 0.41 dB 0.43 dB Figure 3 . Daily variability of the Sun's emission retrieved from the MeteoSwiss weather radars after having applied a three-day running median to the radar data. The reference measurements acquired by DRAO are also plotted in blue.
From a visual comparison, a fair agreement can be observed between the DRAO reference value and the values retrieved from radar observations after the three-day median filter. Figure 3 shows the corresponding results: the solar rotation, which can be observed in the radio frequency flux during active periods, can clearly be seen in the signatures of all three radar systems.
Operational Monitoring of Radar Differential Reflectivity Using the Sun
The issue of differential reflectivity calibration is crucial for successful applications of polarimetric weather radar [10] . Offline Sun measurements, in which operational scanning is stopped and the radar antenna is pointing towards the Sun, are generally employed to calibrate the polarimetric receiving chain ( [10, 11] ). Illingworth [12] has shown that ZDR should be estimated within 0.2 dB for improved rainfall estimates based on Z and ZDR. In the present paper, the approach introduced by Holleman et al. [3] is followed. The same volume data available from the Swiss weather radars described in Section 4.2 have been analyzed on a daily basis, and the corresponding solar-related results are presented in Table 4 . Twenty values (from 6 June to 25 June) have been discarded for the Lema radar, because of a problem with the calibration of the vertical channel: a residual, positive bias of approximately +0.2 dB is clearly evident. The daily differential reflectivity values from the solar monitoring in fact are consistently positive; only some minor random fluctuations are present, and as a result, the dispersion is as small as 0.06 dB. For the Albis radar, 220 (out of 224) observations are available; the system did not work over two weekends in July. Unfortunately, despite the new-generation calibration unit, a significant negative Bias can be observed: the daily differential reflectivity values from the solar monitoring are systematically negative. However, a positive fact is offered by the limited dispersion: both the standard deviation and spread are 0.05 dB, the smallest value of the three radars. The Dole radar also shows a negative bias of approximately −0.4 dB (21 values have been discarded because of a problem with the calibration of the vertical channel). The dispersion is as small as 0.06 dB.
The limited dispersion found for all three radars is an important result: it underlines the stability of the relative calibration between the horizontal and vertical receivers. It also makes it feasible to plan an adjustment of one channel with respect to the other in order to eventually reach a residual bias as close as possible to the ideal value of 0.0 dB.
Summary and Conclusions
The electromagnetic power from the Sun can be used to check the quality of the polarimetric receivers of any weather radar network [9] . In recent years, the Dutch (KNMI) and Finnish (FMI) Meteorological Institutes have developed an ''online'' Sun method, in which the Sun's signals are automatically detected in polar volume data generated during operational scan programs. This method has proved to be successful for the daily monitoring of antenna electromagnetic pointing [1] , of single polarization radar receiving chain stability [2] , as well as for assessing the accuracy of the differential reflectivity of polarimetric weather radars [3] . Accurate estimates of the solar flux have been presented during a quiet period of the roughly 11-year slowly varying radio emission Sun cycle. This note describes results that have recently been obtained during the current, very active Sun period.
As far as the relative agreement between the horizontal polarization receiving chain and the DRAO reference is concerned, Holleman et al. [2] presented results for the first 46 days in 2008 for the Dutch De Bilt and Den Helder radars and for 44 days (from 1 July to 13 August 2008) for the Finnish Vimpeli and Luosto radars: the standard deviations of the log-transformed radar-to-DRAO daily ratios resulted in being 0.14, 0.17, 0.16 and 0.20 dB, respectively (quiet Sun period). As far as the MeteoSwiss weather radars are concerned, this note presents results obtained for the first 224 days of 2014. Despite the very active Sun period, satisfactory results have been obtained, as pointed out in Section 4.3 and shown in Figure 3 . The Albis radar shows the best performance: the standard deviation of the log-transformed daily ratios is 0.35 dB (0.27 dB in case of the seven-day median filter). The values is 0.48 dB for the Lema and Dole radars (0.40 dB and 0.38 dB, respectively, in the case of the seven-day median filter).
As far as the stability of differential reflectivity is concerned, Holleman et al. [3] have presented results for a three-month quiet Sun period (March, April and May) in 2008 for the MeteoFrance radar located in Trappes: they obtained a standard deviation of the daily differential reflectivity that is slightly larger than 0.2 dB. Albis shows the best performance of the Swiss radars for the first seven months of 2014 (active Sun period): the standard deviation of the daily differential reflectivity is as small as 0.05 dB. The Lema and Dole radars also show good results (0.06 dB). It is possible to conclude that the method presented in this note, despite its simplified form, has the potential to routinely monitor dual-polarization weather radar networks, even during periods of intense Sun activity.
